The structures, energies, and fragmentation stabilities of silicon oxide clusters SimOn, with m = 1−5, n = 1, 2m + 1, are studied systematically by ab initio calculations. New structures for nine clusters are found to be energetically more favorable than previously proposed structures. Using the ground state structures and energies obtained from our calculations, we have also studied fragmentation pathways and dissociation energies of the clusters. Our computational results show that the dissociation energy is strongly correlated with the O/Si ratio. Oxygen-rich clusters tend to have larger dissociation energies, as well as larger HOMO−LUMO gaps. Our calculations also show that SiO is the most abundant species in the fragmentation products.
I. Introduction
As the most abundant constituent on earth, 1 silicon oxide materials play a very important role in many areas of modern technology. Silicon and silicon dioxide, for example, are the heart and soul of the microelectronic industry. Silica glass is one of the key materials in optical fiber communications. 2, 3 Recently, silicon oxides have attracted great interest in the growth of nanosized materials. It was found in experiments that the growth of silicon nanowires will be greatly enhanced if silicon oxide is presented during the synthesis. 4 This suggests that small silicon oxide clusters may have an important effect on the growth of nanosized materials.
The structure and properties of silicon oxide clusters has received considerable experimental [5] [6] [7] [8] [9] [10] [11] as well as theoretical [12] [13] [14] [15] [16] [17] [18] [19] interest in the past decade. Knowledge about the structures and stabilities of clusters can be expected to provide useful information in elucidating microscopic aspects of condensed-phase phenomena. 20 Photoelectron spectra of a number of silicon oxide cluster anions including Si 3 O y -(y ) 1-6), Si n O n -(n ) 3-5), (SiO 2 ) n -(n ) 1-4), and Si(SiO 2 ) n -(n ) 2, 3) have been studied extensively by Wang et al. [6] [7] [8] These experimental studies have provided useful information for the electronic structures of the clusters, but the information about the geometric structures is only indirect. Using first-principles density functional calculations, Chelikowsky and co-workers have studied the geometric structures and electronic properties of neutral and charged Si n O n (n ) 3, 4, and 5) clusters. 12 Their computational results suggested that buckled rings are more stable than planar ones for Si 4 O 4 and Si 5 O 5 . The structures and properties of (SiO 2 ) n (n ) 1-6) and Si 3 O n (n ) 1, 3, 4) clusters have been studied by Nayak et al using ab initio calculations. 15 They have shown that a double oxygen bridged motif is energetically favored for (SiO 2 ) n (n ) 2-6) clusters. Recently, Chu et al. have performed a detailed computational study of the structures of Si n O m (n, m ) 1-8) clusters using the DFT-B3LYP method and suggested several new geometries for these clusters. 18, 19 Despite many efforts, our understanding of the structures and properties of silicon oxide clusters is still far from complete. In this paper, we present a systematic study on the structures and stabilities of SiO n (n ) 1-4), Si 2 O n (n ) 1-5), Si 3 O n (n ) 1-7), Si 4 O n (n ) 1-9), and Si 5 O n (n ) 1-11) clusters. From this systematic study, we obtained better structures for nine clusters in comparison with those published in the literature and new structures for four clusters that have not been studied. Using the structures and energies obtained from our systematic calculations, we have also studied the dissociation pathways and energies of the clusters. Such calculations provide useful insights into the stability of the clusters. This paper is arranged as follows: In section II, the computational methods are described. In section III, the low-energy structures of the clusters obtained from our calculations are presented. Dissociation behavior and relative stability of the clusters are discussed in section IV, followed by conclusions in section V.
II. Computational Methods
Global structure optimization is an outstanding challenge. Although simulated annealing using ab initio molecular dynamics (MD) or Monte Carlo (MC) could in principle be applied to search for the global minimum structures for clusters, such an approach is not efficient for systems that have strong chemical bonds and a bumpy potential energy landscape. This is the case for the Si-O systems studied in the present paper. 21 The simulation time required to locate the global minimum of a silicon oxide cluster containing more than 10 atoms may well be beyond feasible computational limits. As far as we know, application of simulated annealing methods to silicon oxide clusters has been successful for only a few small clusters (e.g., Si 3 O 3 and Si 4 O 4 ). 12 In this paper, we will report a systematic study for Si m O n clusters with m ranging from 1 to 5 and n from 1 to 2m + 1. Due to the limitation in the simulation time scale as mentioned above, simulated annealing using ab initio molecular dynamics for such a large number of clusters is not practical. We therefore utilize a structure optimization scheme based on human input and our knowledge of chemical bonding in silicon oxide clusters. We have carefully investigated more than 200 structures of different possible motifs by ab initio calculations. Structure optimizations were performed by GAMESS code 22 using density functional theory (DFT) with the B3LYP functional 23 and the 6-31G(d) basis set 24 The GAMESS code is a widely used approach that has been very successful for hundreds of molecules and clusters of the size investigated in the current work.
Once the optimized structures have been obtained for each cluster size, frequency analyses were performed for the lowestenergy isomers and for those isomers that have energies within 0.5 eV with respect to the corresponding lowest-energy ones, to ensure that these structures are indeed in local minima. We have also checked the spin states for several small silicon oxide clusters (SiO, SiO 2 , Si 2 O, Si 2 O 2 , and Si 3 O 3 ) and found that the ground-states of all these clusters are singlets. We therefore assume singlet ground states for all larger silicon oxide clusters in the present calculations. However, the triplet spin states are used for Si, Si 2 , Si 3 , O, and O 2 atoms and molecules for determining the fragmentation pathways and dissociation energies as discussed in section IV.
The DFT method is used for the optimizations because a large number of structures are studied in this work. Higher level calculations for optimizing the structures of such a large number of clusters would be computationally very expensive. Nevertheless, after the structures are optimized by DFT, single point second-order perturbation theory (MP2) 25 /6-31G(d) calculations are performed for all the lowest-energy structures using the coordinates obtained from the DFT-B3LYP optimizations. We have tested some structures by re-optimizing with MP2 and found that the optimized DFT-B3LYP coordinates are similar to those obtained by the MP2 optimizations. For example, the energies of SiO, SiO 2 , Si 2 O 4 , and Si 3 O 4 obtained from the single point MP2 calculations are very close to those obtained by MP2 optimizations, as one can see from the comparison in Table 1 . Therefore, the single point MP2 calculations using the DFT structures should be very close to the fully optimized MP2 results.
III. Low-Energy Structures
The low-energy structures of the clusters obtained from our present calculations are plotted in Figures 1-5 . Several isomers are plotted for each cluster size, for the purpose of comparison and discussion. Relative energies with respect to the corresponding lowest-energy isomers are also shown in the figures. In addition, binding energies of the lowest-energy structures from both DFT-B3LYP and the single point MP2 calculations are shown in Figure 6 . The binding energies are defined with respect to Si atom and 1/2O 2 . The binding energies as a function of cluster size from the DFT and MP2 calculations are in general very similar, although the MP2 binding energies are slightly larger than those from the DFT calculations, especially for oxygen-rich clusters. From this systematic study, we obtained new low-energy structures for nine clusters as compared to previous studies. These clusters include SiO 4 3.1. SiO n . First, consider SiO n (n ) 1-4) clusters in which only one silicon atom is involved and the number of oxygen atoms ranges from 1 to 4. A set of lower-energy structures for these clusters are shown in Figure 1 . Our calculations show that SiO has a singlet ground state, in agreement with previous calculations. 16 The binding energies (BE 0 ) of SiO with respect to Si and O atoms are calculated to be 7.738 eV at B3LYP/6-31G(d) and 7.913 eV at MP2/6-31G(d)//B3LYP/6-31G(d). In ref 16 , the dissociation energy of SiO is calculated to be 7.892 eV (182.0 kcal/mol) using QCISD(T)/6-311+G(2df)//MP2(full)/ 6-311+G*. The current MP2 value is in good agreement with the previous QCISD(T) result and is 0.324 eV smaller than the experimental result of 8.237 eV (at T ) 0 K). 26 For SiO 2 , our calculations predict that the linear structure ( Figure 1(a2) ) is much more stable than the triangular structure ( Figure 1(b2) ). Several isomers have been considered for each of the two oxygen-rich clusters SiO 3 and SiO 4 . The SiO 4 tetrahedral structure (Figure 1 (b4) ) has previously been proposed in the literature as the ground-state structure. 18 However, our results a1), is the most stable structure. This structure was later confirmed by experiment. 9 Our results show that the triangular Si 2 O is indeed more stable than the linear SiOSi and SiSiO structures, in agreement with the above-mentioned theoretical and experimental results. When two O atoms are connected to two Si atoms (Si 2 O 2 ), the lowest-energy structure is a rhombus as shown in Figure 2 (a2). This rhombus structure has been proposed both experimentally and theoretically. 5, 10, 13 For Si 2 O 3 , the structure with an O atom bonded to the Si 2 O 2 -rhombus (Figure 2 (a3) ) is energetically more favorable than the monocyclic structure (Figure 2 (c3) ), suggesting that the O-O bond is not favorable in silicon oxide clusters. The Si 2 O 4 cluster, which has an O/Si ratio of 2:1, favors a D 2h structure with a Si 2 O 2 rhombus and two SidO double bonds on each side of the rhombus (Figure 2 (a4) ). The structure in such a configuration is lower in energy than the structure with two O atoms bonded to the same Si atom of the Si 2 O 2 rhombus (Figure 2 (b4) Figure 3 . For Si 3 O, the lowest-energy structure is the one with an O atom bonded to two Si atoms of a Si 3 cluster. This structure is consistent with that predicted in refs 6, 15, 6) is found to be less stable than the structure (Figure 3 (a2) ) obtained from the present calculations. Si 3 O 3 has been studied extensively 5, 6, 12 by both calculations and experiments. In the present study, the planar D 3h ring structure is shown to be the most stable isomer, consistent with previous studies. For Si 3 O 4 , Si 3 O 5 , and Si 3 O 6 , the energetically favorable structures in each case are the double oxygen bridged chains with adjacent rhombuses oriented perpendicular to each other. Such double oxygen bridged structures have also been proposed by previous theoretical and experimental studies. 6, 15, 18 Our calculations show clearly that the rhombus chain structures are more stable than ring structures for these clusters. Nayak and co-workers 15 (Figure 4 (a1) ). We have studied 12 Si 4 O 2 isomers and found that the lowest-energy isomer is a buckled Si 4 rhombus bridged by two O atoms from both top and bottom in a perpendicular orientation (see Figure 4 (a2) ). This structure is more stable than the previously proposed ring structure as shown in Figure 4 (d2). 18 Seven Si 4 O 3 isomers were investigated. The lowest-energy structure is predicted to be the a ring-like structure shown in Figure 4 (a3), consistent with the computational results of Chu et al. 18 The buckled ring structure of Si 4 O 4 has been studied previously. 7, 12, 18 In contrast to the planar Si 3 O 3 ring structure, the predicted most stable Si 4 O 4 isomer is a nonplanar buckled eight-membered ring structure, consistent with the computational prediction by Chelikowsky et al. 12 For Si 4 O 5 , calculations have been performed for eight different isomers in order to find the lowest-energy structure. The predicted most favorable structure is a combination of a Si 3 O 3 -ring and Si 2 O 2 -rhombus as shown in Figure 4 (a5) . This prediction is in agreement with the previous study of Chu et al. 18 The dihedral angle formed by the Si 3 15, 18 For Si 4 O 6 , we have also optimized a 3D cage structure, similar to that in ref 27; however, the Si 4 O 6 cage was found to be much less stable with an energy of 5.425 eV higher than that of the lowestenergy structure. It is interesting to note that when the number of oxygen atoms in the cluster is more than twice the number of silicon atoms, the cluster is found to be less stable. For example, Si 4 O 9 has a smaller binding energy than that of Si 4 O 8 as one can see from Figure 6 . Similarly, by the same measure, Si 2 Figure 5 , the isomers (a1) and (b1) of Si 5 O are very close in energy. Both structures are formed by addition of a SiO to the Si4 rhombus. For Si 5 O 2 , the lowest-energy structure is a combination of two rhombuses, the Si 2 O 2 rhombus and a pure Si 4 rhombus as shown in Figure 5 (a2). This structure is the most stable among the 14 isomers investigated in the present work.
Si 5 O 3 has been studied previously; the proposed structure in ref 18 corresponds to the isomer Si 5 O 3 (d3) shown in Figure 5 . In the present study, the most stable isomer of Si 5 O 3 is predicted to have a bell-like structure shown in Figure 5 (a3) . This structure has the same motif as the lowest-energy isomer of Si 4 O 4 clusters. However, in this study, it is found that a double ring structure ( Figure 5 (a5) ) is more stable than the single ring structure previously proposed. This suggests that larger ring structures are less stable and can decompose into smaller multi-rings units. For Si 5 O 6 , the lowest-energy Si 5 O 6 structure is found to be composed of two perpendicularly connected Si 3 O 3 rings, in agreement with the predicted structure of ref 18 . We also constructed a cage structure for Si 5 O 6 . However, the cage structure was found to be very unstable and transforms to the structure of two connected Si 4 O 4 and Si 2 O 2 rings ( Figure 5 (b6) ) after optimization. When an additional O atom is added, the most stable structure of Si 5 O 7 corresponds to the three-ring structure as shown in Figure 5 (a7), in which two Si 2 O 2 rhombuses are perpendicularly connected to the each side of the Si 3 O 3 ring. This structure is more stable than the structure previously predicted ( Figure 5 (b7) ). 18 15, 18 Finally, the lowest-energy structure of Si 5 O 11 is shown to have a binding energy very close to that of Si 5 O 10 , once again indicating that the cluster with an O abundance that is more than twice of Si is less stable.
IV. Fragmentation Pathways and Dissociation Energies
Studies of fragmentation pathways and dissociation energies provide useful information for understanding the stability of the clusters. Such studies, for example, have been performed experimentally and theoretically for silicon clusters and have proven to be a very powerful method for analyzing the stability of the clusters. 28 It has been found that clusters that frequently appear in the fragmentation products are likely to be relatively stable clusters. Using the energies of the clusters obtained from the calculations discussed in section. III, we have investigated all possible fragmentation pathways and corresponding dissociation energies for the silicon oxide clusters studied in this work.
The dissociation energy for fragmentation pathway Si
In the present calculation, the completely separated "atomic" products are assumed to be n/2 O 2 molecules (if n is even) or the energy of (n -1)/2 O 2 + O atom (if n is odd). The energies of pure Si m clusters are also used if the fragmentations separate the Si m O n clusters into pure silicon clusters and oxygen gas. The fragmentation pathways and dissociation energies have been analyzed using both DFT and MP2//DFT calculations. Zeropoint vibration energies are also included in the DFT energies for the fragmentation calculations.
The low-energy fragmentation pathways and corresponding dissociation energies obtained from our analyses using DFT and MP2 energies are listed in Table 2 and Table 3 , respectively. Only those pathways that are within ∼0.7 eV of the lowestenergy fragmentation pathway are included in these tables. The fragmentation pathways from the DFT calculations are not affected by including the zero-point vibrational energies. The dissociation energies are shifted toward lower energies by less than a tenth of eV when the zero-point vibrational energies are included. The results from the MP2 calculations are similar to those of DFT, except for those clusters that have multiple fragmentation pathways that are within less than 1 eV in energy. For these clusters the competing fragmentation channels are the same for the two methods, but the relative dissociation energies among the channels are different for the two methods. For example, for the clusters with an O/Si ratio of 2 (i.e., Si 3 O 6 , Si 4 O 8, and Si 5 O 10 ), MP2 calculations tend to favor pathways that have SiO 2 as product, while DFT calculations prefer the fragmentation of an O 2 molecule. This difference can be partially attributed to the differences in the MP2 and DFT binding Energies (E 0 and E), Fragmentation Channels, Dissociation Energies (DE 0 and DE), and HOMO-LUMO  Gaps (H-L Gap) of Si m O n Clusters from DFT-B3LYP/6-31G(d) Calculations To determine if there is any correlation between the dissociation energies and the compositions of the clusters, we plot in Figure 7 the lowest dissociation energy as a function of the O/Si ratio for all clusters considered in this study. The figure shows that all Si m O 2m clusters with an O/Si ratio of 2 have large dissociation energies of more than 4 eV. In general, the dissociation energies of the oxygen-rich clusters are larger than those of the silicon-rich clusters with a few exceptions. These exceptions are: (i) When the O:Si ratio is more than 2, the dissociation energy drops sharply, (ii) Although SiO has O/Si ) 1, it has the highest dissociation energy of 7.738 (B3LYP) and 7.913 eV (MP2/6-31G(d)//B3LYP/6-31G(d)). The large 
